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Fusogenic Activity of EFF-1 Is Regulated
via Dynamic Localization in Fusing
Somatic Cells of C. elegans
fertilization and contributing to mammalian bone, mus-
cle, and placental tissue maturation [1–4]. In many
cases, a network of proteins is implicated in the various
steps leading up to cell fusion competence [5–16], yet
no molecule (or group of molecules) has been found
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2Department of Molecular Cell In striking contrast, studies of enveloped virus infec-
and Developmental Biology and tion have led to the discovery of several classes of fusion
Howard Hughes Medical Institute proteins, or fusogens, that are both necessary and suffi-
University of Colorado cient to permeate and merge the virus and host cell
Campus Box 0347 membranes [12–15].Well-studied examples, such as the
Boulder, Colorado 80309 influenza fusogen hemagglutinin (HA), are increasingly
understood at both the structural and mechanistic lev-
els. An integral membrane protein within the viral enve-
Summary lope, HA drives membrane fusion by binding the host
cell membrane, assembling into homotrimeric com-
Background: Many animal tissues form via fusion of plexes and creating a fusion pore via a series of confor-
cells. Yet in all instances of developmental cell fusion, mational intermediates [17]. Crucial to this activity in
the mechanism underlying fusion of plasmamembranes both HA and other classes of viral fusogens are hy-
remains poorly understood. EFF-1 is required for most drophobic motifs within the surface-exposed domain.
somatic cell fusions in C. elegans, and misexpressed Such “fusion peptides” or “fusion loops” are modeled
EFF-1 alters the normal pattern of fusing hypodermal as being essential to the penetration of the fusogen
cells. However, the autonomous activity of EFF-1, the into the target membrane [18–21]. Such virus-encoded
rules governing its specificity, and the mechanism of its membrane fusion activity can even be imparted to the
action have not been examined. infected host cell’s plasma membrane, allowing the for-
Results: Weshow that EFF-1 acts as a cellular fusogen,
mation of large virally induced syncytia. However, these
capable of inducing fusion of virtually any somatic cells
pathologically induced giant cells do not display the
inC. elegans, yet targeted precisely to fusion-fated con-
precise patterning and selectivity that lead to the forma-tacts during normal development. Misexpression of EFF-1
tion of normal developmentally induced syncytia. Thus,in early embryos causes fusion among groups of cells
an equally important question in development, in addi-composed entirely of nonfusion-fated members. Mea-
tion to the question of which molecules initiate cell-surements of cytoplasm diffusion in induced fusion
membrane fusion, is how the fusion mechanism is tar-events show that ectopic EFF-1 expression produces
geted to only the correct cell-cell interfaces. How doesfusion pores similar to those in normal fusion events.
a cell in intimate contact with many neighbors selectGFP-labeled EFF-1 is specifically targeted to fusion-
only a single partner with which to fuse?competent cell contacts via reciprocal localization to the
The protein EFF-1 is required specifically for most oftouching membranes of EFF-1-expressing cells. EFF-1
the invariant pattern of cell fusions that occur duringfunction is also governed by intercellular barriers that
C. elegansdevelopment, including those in the hypoder-prohibit cell fusion between distinct tissues. Analysis of
mis, pharynx, and vulva [22, 23]. In eff-1mutant animals,mutant versions of EFF-1 indicates a novel mode of
cells that would normally fuse remain mononucleated,fusogenicity, employing neither a phospholipase active
and no pores form to connect their cytoplasms. The eff-1site nor hydrophobic fusion-peptide acting solely in pore
gene encodes an integral membrane protein and anformation.
extracellular peptide with hydrophobic properties thatConclusions: EFF-1 can confer potent fusogenic activ-
are comparable to those of known viral fusion peptidesity to nonfusing cell types. However, it is normally
or loops. In addition, the predicted EFF-1 protein containstargeted only to fusion-fated cell borders via mutual
a sequence that suggests it is a member of a super-familyinteraction between EFF-1-expressing cells and relocal-
of phospholipases [24], possibly allowing it to digestization to the plasma membrane. Because EFF-1 ap-
membrane phospholipids as part of the fusion mech-pears evolutionarily unique to nematodes, multiple
anism.mechanisms may have evolved for controlled plasma-
Recently, Shemer et al. demonstrated that the normalmembrane fusion in development.
pattern of hypodermal cell fusions can be artificially
expanded by overexpression of EFF-1 [23], indicatingIntroduction
that EFF-1 influences the precise targeting of the fusion
mechanism to only appropriate cell borders. However,The process of cell membrane fusion is essential to the
development of virtually every animal species, allowing the ability of EFF-1 to induce physiologically normal
fusion pores, even among cells that never naturally fuse,
has not been directly tested. Similarly, no observations*Correspondence: wmohler@neuron.uchc.edu
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Figure 1. Cell Fusions Induced by Ectopic Expression of EFF-1
Time-lapse confocal optical-section images of eff-1(oj55) embryos without (A) or with (B and C) induction of hs-EFF-1. Cell fusion is indicated
by diffusion of cytoplasmic GFP (Peff-1::gfp in [A] and [B], Ppal-1::gfp in [C]) from labeled to unlabeled cells. Bright membrane-localized
fluorescence is from expression of a coinjected ajm-1::gfp reporter [31]. Hypodermal cell fusions (B, arrows) precede ectopic cell fusions (B,
arrowheads) that ultimately involve cells throughout the entire embryo. Anterior left, dorsal up in (A) and (B). (C) Heat-shock-induced cell
fusion in a 100-cell embryo (arrow). Anterior is up in (C). Time is shown in minutes, with time 0 at the start of the recording. Scale bars, 10 m.
of the localization of EFF-1 within fusing cells or the expression was stimulated in fusion-defective eff-1(oj55)
embryos at the comma stage, cell fusions were inducedrange of its possible influence on a developmental field
have been reported. And, although the sequence of within less than 1 hr. First, rescued normal fusions oc-
curred among cells of the hyp6 and hyp7 syncytia. SoonEFF-1 contains motifs that suggest either enzymatic or
virus-like structural modes of action in membrane fu- afterward, ectopic fusions caused GFP-labeled cyto-
plasm to uniformly label nearly the entire embryo. Insion, no experiments have tested these functional
hypotheses directly. Each of these issues is key to un- larvae and adults, ectopic cell fusions were also visible
within 2–3 hr of induction (for example, see Figuresderstanding both the mode of action of EFF-1 in mem-
brane fusion and the means by which cells target 3C and 3E). At all stages, ectopic fusions resulted in
lethality, whereas control heat-shocked animals andEFF-1’s activity to only the correct cell-cell contacts. In
this work, we have addressed each of these questions embryos developed normally.
Many of the ectopic fusions observed in these experi-experimentally. We conclude that EFF-1 represents a
precisely regulated and targeted membrane fusogen ments took place in cells, like neuroblasts, where no
cell fusions ever normally occur. Thus, EFF-1 can act onthat may be evolutionarily distinct from both viral fusion
proteins and the undiscovered cellular fusogens that cell types in which it never normally functions. However,
these observations and those of Shemer et al. [23] coulddrive syncytium formation in other phyla.
be seen even if EFF-1 were not itself fusogenic. Over-
expressed EFF-1 might instead cause mistargeting of a
Results morecomplex,multicomponentmembrane fusionmecha-
nism to inappropriate cell borders. Normally fusion-fated
EFF-1 Alone Induces Cell Fusion cells (like the hyp6 and hyp7 syncytia) could be induced
To test whether EFF-1 alone can induce de novo fusion to fuse invasively in a cascade with a series of incorrect
of cells not naturally fated to fuse, we drove its expres- partners, such as the neuroblasts over which the hypo-
sion in C. elegans with a heat-shock promoter (see Fig- dermis lies.
To test this possibility, we monitored cell cytoplasmsure S1A available with this article online) and monitored
diffusion of fluorescent cytoplasm with a reporter gene in early embryos after induction of EFF-1. In control
mid-cleavage-stage (100-cell) embryos, Ppal-1::gfp-(Peff-1::gfp) that displays a variegated GFP expression
pattern (Figures 1A and 1B andMovies). When hs-EFF-1 expressing C- and D-lineage cells remained unfused
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Figure 2. Permeability of Normal and Ectopi-
cally Induced Fusion Pores
Diffusion of GFP across fusing membranes
was monitored in wild-type hypodermal cell
fusions (circles, n 10) and hs-EFF-1-induced
cell fusions at the 100–200-cell stage (squares,
n 9). Mean fluorescence intensities for indi-
vidual cells were normalized and averaged,
with initial and final brightness values set to
1 and 0, respectively. Time 0 for each fusion
event was the last measurement before the
rapid decrease in fluorescence for that bright
cell as it fused to a dark neighbor. Plotted
data points show the mean value for a group
of measurements (normal versus induced) at
each time point after the initiation of perme-
ability. Error bars show standard deviation.
and continued to proliferate beyond this stage [25]. No fusion partner cells (Figure 2). The fluorescence of fusing
bright/dark pairs of hypodermal precursor cells in wild-normal embryonic cells acquire fusion competence until
several hours and several cell cycles later in develop- type embryos became equilibrated within an average of
240 s from the onset of membrane permeability. Thisment [3, 26]. Furthermore, most of the descendents of
C and D blastomeres never give rise to syncytia. How- rate is around fifty times slower than the reported diffu-
sion rate for GFP in open cytoplasm [27]. Observationever, in 100-cell embryos induced to express EFF-1,
cytoplasmicGFP diffused rapidly from each of the bright of specimens expressing hs-EFF-1 confirmed that GFP
diffused from cell to cell, as in normal developmentalC/D cells into the cytoplasms of their dark neighbors
while they formed a large, abnormal embryo-wide syn- fusions, and did not leak into the extracellular space.
Furthermore, GFP diffusion during fusion events in heat-cytium (Figure 1C and Movies). We concluded that
EFF-1 is sufficient to cause membrane fusion even shock-induced and wild-type embryos proceeded with
essentially identical kinetics (Figure 2).We conclude thatwithin a group of fusion-incompetent cells and that
EFF-1 fusogenicity requires no special processing or a small pore with the same permeability properties, and
likely a similar cross-sectional area, is formed duringmolecular context specific to fusion-fated cells.
EFF-1 also appears to be unique in its exclusive re- both normal developmental fusion events and those
forced by EFF-1 induction alone.quirement for most cell membrane fusions inC. elegans.
We have undertaken several de novo screens, based
on different visible phenotypes, for mutations giving Intertissue Barriers to EFF-1-Induced Cell Fusion
generalized loss of hypodermal cell fusion in viable Because EFF-1 expression is sufficient to trigger mem-
worms. These screens have yielded eight new alleles of brane fusion, there must be strict regulation to allow
eff-1 but no mutations in other loci (data not shown). the active protein to function at only correct cell-cell
These results suggest that EFF-1may be the only nonre- interfaces, producing the invariant, programmed se-
dundant component of the fusion mechanism. Alterna- quence of specific cell fusions seen in normal develop-
tively, EFF-1 might be the only component not required ment [3]. As shown above, failure in this control would
for other aspects of viability in the nematode. Similarly, produce promiscuous cell fusions. Some of this regula-
our ectopic expression studies suggest that EFF-1 may tion is known to occur at the transcriptional level [22]
be the only nonconstitutive component needed to gen- (E. O.-S. and W.A.M., unpublished data), and a number
erate a fusion mechanism and that it can act alone to of genes are known to affect the regulation of fusion
render nonfusing cell membranes fusion competent. fate in discrete stages of development [28]. The normal
roles of these genesmay include control of eff-1 expres-
sion or constraint of the active EFF-1 product.Ectopically Expressed EFF-1 Induces Normal
Membrane Permeability In addition, nonfusing cells might insulate themselves
from fusion-competent neighbors. In support of this hy-To testwhethermisexpressedEFF-1 generates a normal
membrane fusion mechanism, we next compared the pothesis, we detected the formation of several discrete
barriers to ectopic cell fusion during the course of nor-permeability kinetics of naturally fusing and ectopically
fusing cell membranes. We quantified diffusion of GFP mal development. The first such boundary formed be-
tween the embryonic gut primordium and the rest of thefrom bright cells into the neighboring cytoplasm of their
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EFF-1::GFP Localizes to Fusion-Fated Cell
Membrane Interfaces
Although extracellular barriers can limit the ability of over-
expressed EFF-1 to cause fusion of an unlimited field of
cells, we hypothesized that intracellular control of EFF-1
is also involved in precisely specifying fusion partners
during normal development. To better understand the
localization dynamics of functional EFF-1 protein in vivo,
we constructed strains expressing a fluorescently la-
beled EFF-1. We determined through expression of al-
ternatively spliced EFF-1A and EFF-1B cDNAs [22] that
only the EFF-1A isoform is able to rescuemorphological
defects in eff-1 mutant animals (data not shown). Thus,
we created an EFF-1::GFP construct by tagging geno-
mic eff-1 sequence with GFP at the C terminus of the
EFF-1A open reading frame (Figure S1B). This construct
was introduced into worms as an integrated transgene.
We found that eff-1(oj55) animals expressing this trans-
gene could be completely rescued for cell-fusion-
dependent morphological phenotypes.
In the bean-stage preelongation embryo of a wild-
type strain, EFF-1::GFP was initially seen in a punctate
but unpolarized pattern in cells of the ventral and dorsal
hypodermis (Figure 4 and Movies). As expression in-
creased, a uniform cytoplasmic fluorescence appeared
surrounding the bright punctate bodies (possibly endo-
plasmic reticulum or Golgi apparatus). Isolated EFF-1::
GFP-expressing cells, with no brightly expressing neigh-
bors, retained an unpolarized distribution of fluores-
cence. In contrast, EFF-1::GFP became discretely and
rapidly localized to contacts between pairs of brightly
expressing fusion partner cells.
Two types of EFF-1::GFP-enriched contacts could be
observed: novel contacts between cells already ex-
pressing EFF-1::GFP and preexisting contacts between
neighbors in which EFF-1::GFP expression arose after
the contact was made. In the first case (novel contacts),
two ventral cells expressing EFF-1::GFP migrated to-
ward each other to meet at the ventral midline. Although
Figure 3. Development of Barriers to Cell Fusion fluorescence was not plasma-membrane associated
Confocal optical-section images of 1.5-fold (A) and 2-fold (B) em- during cell migration, a brightly fluorescent junction
bryos and three-dimensional reconstructions of L1 larvae (C and E)
formed within minutes of initial contact between the twoafter completion of heat-shock-induced ectopic cell fusion.Gut cells
cells (Figure 4A). This localization grew in intensity overhave fused to surrounding tissues in (A), but not in (B) or (C). Pharyn-
the next 20 min. In the second case (preexisting con-geal cells have fused to surrounding tissues in (A) and (B), but not
in (C), even though ectopic fusion has occurred within the larval tacts), two neighboring dorsal cells began to express
pharynx; note the normal heterogeneous pharynx fluorescence pat- EFF-1::GFP. At the interface between these cells, local-
tern in uninduced control larva (D). In (E), the hyp7 syncytium has ized EFF-1::GFP became brighter in coincidence with
fused ectopically with seam cells (arrows), but not with underlying their overall expression of EFF-1::GFP (Figure 4B). In
body-wall muscles (dark stripe indicated by arrowhead). (F) Unin-
both cases (novel and preexisting contacts), the increaseduced control larva. Scale bars, 10 m.
in localized fluorescence was approximately linear with
time (Figure 4C). Furthermore, the contact-localized flu-
orescence achieved intensities far exceeding the mere
soma (Figure 3B). Barriers later appeared among the sum of brightness of two separate cell membranes, indi-
distinct tissues of the larva—e.g., the pharynx, body- cating continuous targeted accumulation at the inter-
wall muscle, and hypodermis (Figures 3C and 3E). Such face. In dorsal hypodermal cells, EFF-1::GFP accumu-
boundaries cannot be explained by lack of EFF-1 ex- lated along the apical edge of the cell-cell interface,
pression because ectopic fusions do visibly occurwithin coincident with the intercellular junctions and the known
the separate compartments. Instead, fusion-barriers origin of the fusion aperture between cells [31]. Interest-
correspond to positions of basal laminae that have been ingly, the membrane accumulation of EFF-1::GFP per-
shown by electron microscopy to surround distinct or- sisted, even after the contents of two cells were mixed,
gans in larval and adult worms [29, 30]. Embryonic pre- indicating that cell fusion was underway or complete.
cursors of these matrix structures may prevent intimate In occasional recordings of ventral cells, the localized
contact betweenplasmamembranes andprevent fusion EFF-1::GFP appeared to be pushed aside, presumably
by the widening cell-fusion aperture, as the cells fused.of EFF-1-expressing cells.
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Figure 4. Dynamics of EFF-1::GFP Localization
(A) Ventral accumulation between two migrating cells begins just after cell contacts are made.
(B) Dorsal accumulation occurs between two cells with preexisting cell contacts. Yellow arrows indicate EFF-1::GFP accumulation. Anterior
is at the top, and posterior is at the bottom of each panel. Approximate time of development is shown.
(C) Quantification of plasma-membrane-localized EFF-1::GFP. Inset, profiles of fluorescence intensity across the cytoplasm and contact
interface of neighboring cells are shown for a single contact. The time of each profile is indicated by a color-matched underline on the time
axis of the main plot. Main plot, separate measurements of both dorsal and ventral fusion contacts were taken for each of four embryos.
Localized (within the peak) and background values (regions outside peak) from the four embryos were normalized, averaged, and plotted
versus time (see Experimental Procedures). Error bars show standard deviation. R2 values for linear fits are 0.976 for ventral and 0.918 for
dorsal accumulation versus time.
(D) Heat-shock-induced EFF-1::GFP expression in an early embryo. Localization occurs only between cells expressing bright EFF-1::GFP.
Yellow arrow indicates localization along cell contact. Scale bar, 10 m.
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Mutual Dependence between Cells site-directedmutagenesis and transgene rescue assays
in eff-1 mutant worms. Nearly all amino acid substitu-for Localization of EFF-1::GFP
The contact-dependent localization of EFF-1::GFP was tions at key conserved and catalytic positions within
the putative PLA2 aspartic-acid-active-site consensusseen only at intercellular junctions across which cell
fusion is known to take place. Interestingly, however, sequence [24] failed to disrupt the phenotypic rescue
of eff-1(oj55) worms (Figure 5B). This insensitivity ofwe saw no localization to contacts between dark cells
(wild-type and fusion competent yet not visibly express- EFF-1 to mutations eliminating the putative PLA2 active
site consensus, combined with absence of a seconding EFF-1::GFP) and bright cells (overexpressing EFF-1::
GFP), even when such dark-bright pairs of cells were required histidine active site within EFF-1 [24], clearly
demonstrates that EFF-1 does not function as an evolu-known to be undergoing fusion. This repeatable obser-
vation appeared to indicate a stoichiometric dependence tionarily conserved PLA2 in driving membrane fusion.
Viral fusogens contain hydrophobic “fusion peptides”for localization of EFF-1::GFP at the contact between any
two cells—the amount of contact-localized EFF-1::GFP or “fusion loops” of 10–30 amino acids that are involved
in penetrating the host cell membrane [33], and EFF-1-depending upon the concentration of EFF-1::GFP in the
lower expressingof the two cells. To test this hypothesis, dependent membrane-fusion intermediates appear anal-
ogous to those in virus-cell fusion [31]. Accordingly, wewe used a heat-shock promoter to express EFF-1::
GFP in the normally nonfusing cells of early embryos. hypothesized that the EHP region of EFF-1 might act
as a fusion peptide/loop in membrane fusion inducedWe repeatedly found EFF-1::GFP localized to contacts
between pairs of cells that were both induced to high by EFF-1. A true fusion peptide loses the ability to drive
membrane fusion if hydrophobic amino acids are con-expression levels, but not between such bright cells
and their dark neighbors (Figure 4D). Thus the mutual verted to polar residues [13, 34]. We therefore changed
several hydrophobic amino acids within the 19-residuedependence between cells for contact localization of
EFF-1::GFP holds true even in the case of ectopic ex- EHP of EFF-1 to polar side chains and tested the mutant
constructs for transgene rescue. Single point mutantspression.
I477N and V478D were found to successfully rescue
cell-fusion-dependent morphogenesis in eff-1 mutantEFF-1 Is Not Required for Sperm-Egg Fusion
strains. However, the double-point mutant I471N/I472SGiven its potent effects in somatic cells, we next tested
and the deletion EHP-470-478 each failed this rescueexplicitly whether EFF-1 is required in gamete fusion.
assay. Decreasing EHP hydrophobicity among theseThe eff-1 loss-of-function phenotype previously de-
mutants correlated with the loss of function in cell fusionscribed includes a reduced brood size, suggesting a role
(Figure 5C). Thus, EFF-1 function does rely on the EHPfor EFF-1 in fusion of sperm and eggs during fertilization
sequence, in particular on its hydrophobic character,[22]. These observations had been made with missense
and suggested that this motif may indeed act in a man-alleles, making it possible that a reduced level of re-
ner similar to viral fusion peptides.quired EFF-1 activity allows a low rate of successful
Fusion peptides/loops in class I and II viral fusionsperm-egg fusion. We therefore isolated and observed
proteins are thought to function exclusively in the fusionthe phenotype of six null eff-1 alleles, each of which is
reaction and not in earlier steps of transport or virus-predicted to encode either no protein or a truncated
target membrane binding. Loss-of-function mutationsextracellular fragment lacking a transmembrane domain
were made within the EHP motif of EFF-1::GFP to deter-(see Figure 5A). All yielded severely dumpy worms with
mine whether the EHP region of EFF-1 functions strictlycellular hypodermis. Yet homozygous hermaphrodites
in the membrane fusion reaction. Both EFF-1(EHP-of each null genotype retained the ability to grow to
470-478)::GFP (Figure 6) and EFF-1(I471N/I472S)::GFPadulthood and to lay self-fertilized eggs. Unlike the fer
(not shown) failed to localize normally to fusion-compe-and spemutants, which fail to produce fertilization-com-
tent contacts. Instead, mutant proteins remained dis-petent sperm [32], there was no abnormal laying of un-
persed throughout contacting bright cells, in contrastfertilized oocytes from eff-1 null mutants. Thus, mem-
to the rapid junctional accumulation of wild-type EFF-brane fusion in fertilization must rely on a mechanism
1::GFP. These results indicate that the loss of functionin which EFF-1 is not a required fusogen, in marked
seen in EHPmutants results fromdisruption of the trans-contrast to its action in fusing hypodermal, vulval, and
port or localization of EFF-1 and not necessarily frompharyngeal cells. The reduced brood size in eff-1 mu-
disruption of a fusion peptide that acts exclusively intants may instead result from fusion-failure-related de-
formation of a pore.fects in the somatic gonad structure or an indirect effect
of body size and shape upon ovulation rate.
Discussion
Structure/Function Analysis of Motifs
within EFF-1 A Developmentally Regulated Cell
Membrane FusogenEFF-1 protein sequence contains two discernable se-
quence motifs that might be involved in its membrane These results confirm the hypothesis that EFF-1 acts as
a cellular fusogen, both necessary and sufficient forfusion activity [22]: a phospholipase A2 (PLA2)-active site
consensus and an extracellular hydrophobic peptide cell membrane fusion in development. First, EFF-1 is
sufficient to induce cell fusion even within a field of(EHP)—a sequence rich in hydrophobic amino acids,
comparable to viral fusion peptides [14, 15, 24, 33]. We cells containing no fusion-fated members. The resulting
ectopic fusion pores mimic the properties of poresassessed the functional significance of these motifs by
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Figure 5. Loss-of-Function Mutations and Evolutionary Conservation of EFF-1 between Nematode Species
(A) Graphical representation of the EFF-1A isoform [31] with positions in the extracellular domain that have changed between C. elegans and
C. briggsae indicated (conservative change, gray; nonconservative, black). Positions of null mutations giving normal fertility are indicated by
arrows.
(B) Site-directed mutations in the putative PLA2-active-site motif [24] with functional outcomes indicated. Asterisk indicates invariant residues
in true PLA2-active sites.
(C) Kyte-Doolittle hydrophobicity plots [40] for the EHPmotif, based onwild-type andmutant sequences. The apparent threshold hydrophobicity
for transgene rescue is indicated.
formed during naturally occurring fusion events. Sec- Maintaining Precision in EFF-1-Dependent
Cell Fusionond, the eff-1 locus is unique in yielding mutations with
a viable, specifically fusion-defective phenotype. Thus, Although its exact mode of action is still unclear, the
potency of EFF-1 as a fusogen is apparent in the resultsa combination of gain-of-function and loss-of function
experiments suggests that EFF-1 may be the only non- of ectopic expression. If overexpressed and unregu-
lated, EFF-1 can fuse cells throughout a large and non-constitutive—and possibly the only nonredundant—
component of the cell membrane fusion mechanism in specific developmental field. In normal development,
we see a reproducible pattern in the activity of the eff-1most cells of C. elegans. Third, EFF-1 localizes specifi-
cally to the interfaces of fusing cells in the moments promoter, yet additional modes of posttranscriptional
control must act to prevent a single EFF-1-expressingbefore membrane fusion. This accumulation at the api-
cal edge of the cell-contact surface coincides with the cell from initiating a cascade of fusion with all of its
neighbors. Each cell of the 1.5- to 2-fold C. elegansknown subcellular origin of the fusion opening between
hypodermal cells [31]. All of these are expected charac- embryo congregates intimately with several other cells,
with essentially no void space in the embryo [26, 35].teristics of a cellular fusogen.
Figure 6. Deletion of First Eight Amino Acids,
MIIPLPAI, within the EHP Results in Loss of
Discrete EFF-1::GFP Localization
Ventral view, anterior is at the top, and poste-
rior is at the bottom of each panel. Approxi-
mate time of development is shown. Yellow
arrows point to where wild-type EFF-1::GFP
normally becomes localized.
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Thus, contact and adhesion between cells are not likely could not account for all features of theprecise subcellu-
lar localization of EFF-1, including the concentration ofdeterminants of specificity in cell fusion. Instead, we
recognize three distinct processes that may govern an EFF-1 at the apical edge of a cell-cell contact. We sup-
pose that proteins at the intercellular junctions linkingEFF-1-expressing cell’s choice of partner for fusion.
First is a possible enhancement of EFF-1 function by hypodermal cells may specify localization of EFF-1 to
the apical subdomain of the interface. Likewise, someother factors present in developmentally fusion-fated
cells. We observed that hs-EFF-1 induced rescued fu- components of vulval cell junctions may render nonfus-
ing intertoroidal contacts resistant to the action ofsion of eff-1-mutant hypodermal cells before ectopic
fusions occurred between other cell types (see Figure EFF-1, whereas those within a toroid become fusion
competent [36].1B). Second is development of intercellular barriers to
cell fusion. Boundaries that we recognize in our experi-
ments correspond to locations of basal laminae in elec-
Evolution of Multiple Mechanisms for Plasmatron micrographs of mature animals, notably between
Membrane Fusionthe hypodermis and muscle, and around the gut and
If EFF-1 is indeed the first known cellular fusogen, thenpharynx [29, 30]. It is logical that a developing basement
what is its mechanism of action? EFF-1 has no regionsmembrane could separate cells in the embryo and pre-
of appreciable sequence homology to any protein ofvent cell fusion between distinct tissues. It is also worth
known biochemical function. The fusion catalysts fromnoting that ectopicEFF-1 activitymight beused toprobe
most enveloped viruses, despite their broad diversity ofthe progress of basal lamina formation during develop-
structure, share a common structural feature, a hy-ment, at stages before such structures are visible by
drophobic fusion peptide or loop. Such domains haveelectron microscopy.
been implicated in the crux of the fusogen-membraneThird is a mutual dependency between fusing cells
interaction that drives pore formation during viral infec-for localization of EFF-1 to the plasma membrane. This
tion. We have shown here that the hydrophobicity of theapparently stoichiometric relationship could account for
EHP of EFF-1 sequence correlates with fusogenicity.much of the cell-by-cell precision with which syncytia
Thus, it is tempting to conclude that EFF-1 functionsform in C. elegans. EFF-1-dependent localization of
through amechanism analogous to viral fusogens. How-EFF-1 between cells could define the extent of a field
ever, EHPmutant EFF-1 is defective in targeted localiza-of cells that will undergo fusion. The simplest model
tion to the cell-cell contact, a step thatwould necessarilyfor such selectivity in EFF-1 localization is a homophilic
precede formation of a proteolipid pore at the targetbinding interaction between EFF-1 molecules on the
site. We conclude that the EHP plays a role in dynamicmembranes of neighboring cells, as portrayed in Figure
localization of EFF-1 and, therefore, differs from viral7. In this model, a constitutive cycle wherein EFF-1 is
fusion peptides, which are thought to be involved specif-delivered to and reclaimed from the plasma membrane
ically in the pore-forming reaction after virus-host bind-prevents cell-surface accumulation in any cell whose
ing. However, our results do not preclude a role for theneighbor does not reciprocate by expressing EFF-1.
EHP in pore formation. A second hypothesis for EFF-1However, if a neighbor expresses EFF-1, then affinity
fusogenicity was inspired by the presence of a motifbetween EFF-1 molecules in trans results in retention
conserved in known phospholipases. Cleavage of phos-of EFF-1 at the cell-cell interface. Accumulation of EFF-1
pholipids by EFF-1might lead to localized permeabiliza-to a critical level allows initiation of membrane fusion.
tion of the fusing plasma membranes. Here, our resultsThis model predicts that pairs of cells that both express
refute this hypothesis. Mutation of each of several keyhigh levels of EFF-1 should fuse earlier than pairs includ-
conserved residues in the hypothetical PLA2 consen-ing a low expresser. In fact, we do repeatably observe
sus-active site fails to disrupt the cell-fusion activity ofthat cell pairs with mutual high-level activation of the
EFF-1. Thus, an evolutionarily conserved PLA2-active-eff-1 promoter (including the most anterior dorsal cells
site motif is not responsible for the function of EFF-1 inof hyp6 and the anterior ventral cells of hyp7) undergo
cell fusion.fusion earlier than do unequal or low-expressing cell
The sequenced genomes of nonnematode organismspairs (data not shown).
lack even weakly conserved orthologs of EFF-1. OneAs noted above, we did not observe localization of
possibile explanation is that proteins with similar func-EFF-1::GFP at the contact of a bright cell with a dim cell,
tion and higher-order structure are encoded by othereven when the pair was undergoing EFF-1-dependent
genomes, even though strict sequence conservationfusion. An explanation that remains consistent with the
has not been maintained [37, 38]. On the other hand,homotypic binding model is also shown in Figure 7.
EFF-1 may be a truly nematode-specific (and somatic-Note that our observations rely upon visible levels of
cell-specific) fusogen.C. elegans andC. briggsae EFF-1EFF-1::GFP, probably exceeding the quantity of endog-
share 94% sequence identity (97% similarity) in theirenous EFF-1. As depicted, the endogenous level of
extracellular and transmembrane domains (see FigureEFF-1 in a dark fusing cell, although sufficient to produce
5A), significantly higher than the average of 75% identitya fusogenic interaction, is too low to recruit a visible level
for C. elegans and C. briggsae orthologs in general [39].of EFF-1::GFP to the membrane of its bright neighbor.
This suggests that EFF-1 function is particularly sensi-In light of a homophilic binding model, our observa-
tive to sequence drift.We consider it unlikely that fusion-tions of EHPmutant EFF-1::GFP suggest that the EHP is
competent versions of the eff-1 gene have undergoneessential for interaction of EFF-1molecules on opposing
drastic sequence divergence in other genomes.membranes and stable localization of EFF-1 at the cell-
cell interface.We note, however, that homotypic binding Instead, the biophysical taskof destabilizing the sepa-
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Figure 7. Schematic Model Depicting EFF-1 Targeting via Stoichiometric Homophilic Interaction
(A) The left and center cells express high levels of EFF-1::GFP (green vesicles), whereas the right cell expresses only endogenous levels of
EFF-1 at normal levels (hollow vesicles). The cell contact between two bright cell neighbors displays visible EFF-1::GFP accumulation (thick
green line). The bright/dark cell interface does not.
(B) Magnified view of bright/bright interface: EFF-1::GFP is continuously delivered and recycled in vesicles to and from the membrane. Many
stable homophilic EFF-1 interactions occur between the two cell membranes, enabling accumulation of a visible fluorescent signal.
(C) Magnified view of bright/dark interface: fewer stable homophilic EFF-1 interactions occur, limited by endogenous levels of EFF-1 in the
dark cell. This permits the recycling of EFF-1::GFP back into the cytoplasm of the bright cell, leaving no visible fluorescence contrast at the
interface. Plasma membranes at both bright/bright and bright/dark interfaces undergo fusion.
ration of adjacent bilayersmay require so littlemolecular sequence conservation yet share a common function
[15, 33]. Both sperm-egg fusion and anchor-cell fusionspecificity that proteins of divergent families might be
“recruited” to the critical role of fusogen throughout in C. elegans clearly involve molecules other than EFF-1
[23], although these factors have yet to be identified.evolution. Such is the case for enveloped viruses be-
cause fusogens in disparate families of viridae also lack We imagine that the future discovery of fusogens acting
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(2003). Cell and molecular biology of myoblast fusion. Int. Rev.Supplemental Data include one figure, five movies, and Supplemen-
Cytol. 225, 33–89.tal Experimental Procedures and can be found with this article on-
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